Abstract: Metallochaperones are responsible for shuttling metal ions to target proteins. Thus, a metallochaperone's structure must be sufficiently flexible both to hold onto its ion while traversing the cytoplasm and to transfer the ion to or from a partner protein. Here, we sought to shed light on the structure of Atox1, a metallochaperone involved in the human copper regulation system. Atox1 shuttles copper ions from the main copper transporter, Ctr1, to the ATP7b transporter in the Golgi apparatus. Conventional biophysical tools such as X-ray or NMR cannot always target the various conformational states of metallochaperones, owing to a requirement for crystallography or low sensitivity and resolution. Electron paramagnetic resonance (EPR) spectroscopy has recently emerged as a powerful tool for resolving biological reactions and mechanisms in solution. When coupled with computational methods, EPR with site-directed spin labeling and nanoscale distance measurements can provide structural information on a protein or protein complex in solution. We use these methods to show that Atox1 can accommodate at least four different conformations in the apo state (unbound to copper), and two different conformations in the holo state (bound to copper). We also demonstrate that the structure of Atox1 in the holo form is more compact than in the apo form. Our data provide insight regarding the structural mechanisms through which Atox1 can fulfill its dual role of copper binding and transfer.
Introduction
The structure of a metallochaperone, a protein that delivers metal ions to other target proteins, must accommodate a dual role. On the one hand, the metallochaperone must bind a metal ion, meaning that it contains a metal chelation site. On the other hand, it must interact with a partner protein to perform metal transfer. [1] [2] [3] Metal transfer is carried out through specific protein-protein interactions that are metalmediated. During such interactions, the metal ion is simultaneously bound to ligands from both the metallochaperone and the partner protein. These properties suggest that a metallochaperone is not likely to have a highly-rigid metal-binding site, hidden from the bulk solvent in a manner that prevents side reactions. The current study seeks to provide new insights regarding the structure of the human copper metallochaperone Atox1.
Copper is an essential cofactor for many enzymes and indispensable for their function. 4 ,5 Yet excess cellular copper is toxic, due to its tendency to generate free radicals and interfere with neuronal and metabolic function, leading to various neurological diseases and disorders. Therefore, cells have evolved sophisticated copper regulation mechanisms. [6] [7] [8] [9] [10] In humans, copper enters the cell as a Cu(I) ion through the highaffinity copper transporter Ctr1. [11] [12] [13] Ctr1 cycles between the plasma membrane and cytosolic vesicles in many cell types, and regulates changes in copper abundance or localization, enabling the rate of Cu(I) uptake to be rapidly adjusted in response to shifting levels of cellular Cu(I). 12, 14 The metallochaperone Atox1 is responsible for transferring copper from Ctr1 to the N-terminal domains of ATP7a and ATP7b in the Golgi apparatus. ATP7a and ATP7b have a dual role in cells: a biosynthetic role, delivering Cu to the secretory pathway for metalation of cuproenzymes, and a homeostatic role, exporting excess Cu from the cell. Therefore, the lack of functional ATP7a/b leads to a number of severe symptoms, and probably is connected to many others, yet to be defined, neurological disorders. [15] [16] [17] [18] Each step of the copper transfer is achieved through a direct interaction between Atox1 and the corresponding partner protein. 3, 13, 14, 17, [19] [20] [21] [22] [23] [24] The crystal structures of Atox1 [25] [26] [27] and of its yeast analogue Atx1 have been reported. 28, 29 Atox1
was shown to be a dimer, in which each monomer has 68 amino acids and an overall babbab fold structure. The protein coordinates one copper atom using the cysteine residues of a conserved MxCxxC motif (where x represents other amino acids). [30] [31] [32] Nuclear magnetic resonance (NMR) and crystallography have not identified any structural differences between the apo form and the holo (copper-bound) form of Atox1. 25, 33, 34 However, molecular dynamics simulations done on the Atox1 monomer have detected some variations in the Cu(I) binding site. Specifically, these simulations suggest that upon coordination of the Cu(I) ion, the residues involved acquire a different orientation, such that the holo form of Atox1 is more rigid than the apo form. [34] [35] [36] Furthermore, single-molecular FRET (smFRET) experiments have indicated that Atox1 interacts with ATP7b in two different conformational states, with inter-monomer distances between the two C69 residues of 2.66 and 4.3 nm. 19 Using electron paramagnetic resonance (EPR) spectroscopy, our group has recently shown that Atox1 in solution can accommodate various conformations while binding the Cu(I) ion and interacting with the intracellular domains of Ctr1. 37, 38 Together with the data obtained from smFRET, these studies indicate that the conformation assumed by Atox1 has an important role both in copper coordination and in the metal transfer mechanism. In order to understand how the structure of Atox1 accommodates the dual aspects of its function, it is essential to gain an understanding of the structural flexibility of the protein in its copper-bound and unbound states in solution. EPR spectroscopy has emerged as an excellent tool for investigating such systems, since it does not require crystallization, and its performance is independent of protein size. 39 DEER spectroscopy has also been used to reveal structural differences between EcoR1 that is bound to a non-specific DNA sequence vs. EcoR1 bound to a specific DNA sequence. 61 Distance distribution functions alone are not sufficient to elucidate biological pathways and mechanisms; for this purpose, it is necessary to combine EPR data with knowledge about the structure of the protein under investigation. In the last few years, Gunnar Jeschke and colleagues have developed two programs that are instrumental in this process. The first is an open-source package called Multiscale Modeling of Macromolecules (MMM). 62 This program receives the structure of a protein as input, and uses it to predict distance distribution functions for a pair of spin labels. These predictions can then be compared with actual distance distributions obtained in solution using DEER. MMM describes spin labels using a set of alternative conformations, or rotamers, which the protein can acquire without serious clashes with atoms of other residues or cofactors. A rotamer library is then derived from molecular dynamics simulations. The second program is the elastic network model (ENM), implemented in the MMM package. 60, 62 The ENM program requires a PDB file as input and at least three distance distribution constraints from DEER experiments. It then produces a new modelstructure in PDB format based on the constraints derived from the DEER measurements. Therefore, although DEER on its own cannot produce an atomicresolution structure of a given protein, it is possible to derive alternative conformations of the protein by combining nanoscale distance measurements with computations.
In this study, we utilize DEER spectroscopy together with ENM on apo-and holo-Atox1 to target additional conformations of the metallochaperone, and to shed light on its mechanisms of copper transfer and copper binding.
Results
Wild-type Atox1 (WT-Atox1) contains three cysteine residues in each monomer. Two of them, Cys12 and Cys15, are involved in a cysteine bridge and cannot be spin-labeled; the third, however, Cys41, is accessible for labeling. In recent works, 37, 38 we spin-labeled Atox1 at position Cys41 and followed changes in its inter-monomer distance distribution as a function of Cu(I) binding and interaction with various segments of Ctr1. We saw that in the absence of Cu(I), apo-Atox1 assumed two conformational states, one corresponding to a distance distribution of 4.4 6 0.5 nm and the other to a distribution of 2.7 6 0.8 nm (see Table I ). The conformation with a distribution around 4.4 nm was consistent with the conformation of the crystal structure of the Atox1 dimer (PDB 3IWX). In the presence of Cu(I) or the C-terminal domain of Ctr1, the two conformational states were preserved; however, the distance distributions were slightly narrower, suggesting a more rigid Atox1 structure. When a mutation was present in the C-terminal domain of Ctr1, Atox1 assumed only one conformational state. In the presence of a segment of Ctr1 containing the protein's intracellular loop, Atox1 also assumed only one conformational state, which was slightly different from the other reported conformations (see Table I ). These observations led us to suggest that Atox1 is highly flexible and can assume various conformational states, and that this property is likely to facilitate its capacity to interact with the various proteins involved in the copper cycle and to shuttle copper ions.
Here, in order to explore the structural flexibility of Atox1 further, we introduced additional spinlabels at various positions in Atox1: K25C on a1, K38C on b3, and T61C between loop5 and b4. These sites represent additional positions in the protein, which should report on an inter-distance between 2.0-4.0 nm, which can be detected by the DEER. An additional mutation was introduced at C41A to prevent spin labeling at this site. Figure 1 shows an SDS-gel picture and CD spectra for all Atox1 mutants produced. The CD spectrum for each mutant is similar to the CD spectrum for WT-Atox1, confirming that the mutations introduced for spin labeling did not alter the secondary structure of the protein. Figure 2 shows the DEER time domain signals for apo-Atox1 (in the absence of Cu(I)) and holoAtox1 (in the presence of Cu(I):Atox1 at a ratio of 3:1; at this ratio 100% of the Atox1 proteins bind Cu(I) 37, 38 ). Owing to the low concentration of the protein, the DEER data were acquired up to about 1.0-1.2 ms. For this time domain, we are selective to distances up to 3.5 nm. The DEER time domain signals and corresponding distance distribution functions suggest that for all mutants, the distance distribution obtained in the presence of Cu(I) is narrower than the distance distribution obtained in the absence of Cu(I). The largest difference in distribution width was obtained for the spin-label at K38C. This observation confirms that the structure of Atox1 is more rigid in the presence of Cu(I). The distance distribution functions for the various mutants suggest that Atox1 can assume multiple conformational states. We used Tikhonov validation [accounting for variation in initial background signal (5 steps between 200 and 800 ns) and dimensionality (11 equidistant steps between 2 and 3)], implemented in the DeerAnalysis 2016 program, to estimate the a The DEER data for holo-Atox1 spin-labeled at position C41 are presented in Figure S1 .
error for each conformation. Here, we chose to concentrate on conformational states that were associated with less than 30% error based on Tikhonov validation. According to this criterion, apo-state Atox1 spin-labeled at K25C and K38C can accommodate one dominant conformational state, whereas apo-Atox1 labeled at T61C may assume two conformations [marked by red arrows in Fig. 2 (C), 2(D)]. In the holostate, Atox1 labeled at T61C may accommodate more than one conformation; however, the dominant one is around 2.4 nm.
To further investigate these distance distribution functions, we performed MMM computations on the 3IWX PDB structure of Atox1. 25 The dotted line distribution in Figure 2 (D) represents the distance distribution obtained from the MMM computations for MTSSL spin labels attached to the various cysteine sites. The distance distributions obtained from MMM on the crystal structure conformation were consistent with the distribution functions obtained for holo-Atox1 spin-labeled at the K25C and K38C positions. However, for holo-Atox1 spin-labeled at the C41 and T61C positions, additional conformations were observed that were not consistent with the crystal structure conformation. An additional conformation, identified in an earlier smFRET study using a label at the C69 position, 19 was also not consistent with the distance distributions obtained using MMM. Taken together, these observations suggest that the b3a2b4 region is flexible and allows variation in the structure of the protein.
We then used the ENM program (implemented in the MMM2015 package) to model the different conformations that Atox1 can assume in its apo and holo states, using the distance distribution constraints (Table II, III) obtained from the DEER data in solution. Since Atox1 is a small dimer, in which two monomers are connected by a disulfide bond, four distance distribution constraints should be sufficient to obtain model-structures. However, it is important to emphasize that additional constraints might refine these models or provide additional conformational states. 60, 63, 64 The PDB structure of Atox1 (PDB 3IWX) was used as input for the program. Overall, we generated four different conformations for apo-Atox1 (denoted apo-Atox1_DEER1 through apoAtox1_DEER4), and two conformations for holo-Atox1 (holo-Atox1_DEER1 and holo-Atox1_DEER2). Figure  3 presents these model-structures. Although each conformation distinctly differs from the others, the conformations can generally be classified into two groups: Specifically, some conformations are more compact and closed, whereas the others are more open and spread out. Figure 4 shows a dotted overview of the various model structures, overlaid on one another. We observe substantial differences in the volume of the metallochaperone structure when we compare between apo-Atox1_DEER1 and apo-Atox1_DEER3, and when we compare between holo-Atox1_DEER1 and holo-Atox1_DEER2. No significant structural differences were observed between apo-Atox1_DEER1 and holo-Atox1_DEER1.
For the various DEER model-structures obtained through the ENM program, we measured several Ca-Ca distances as described in Figure 5 . We observe an interesting difference between the apo and holo structures in terms of the distance between Cys12Ca
A and Cys12Ca B in the Cu(I) binding site. Specifically, this distance varies across the different apo-Atox1 structures, whereas in the holo structures the Cys12Ca A -Cys12Ca B distance does not differ between the open and closed conformations and is consistent with the distance obtained in the crystal structure. Taken together, these observations suggest that while the structure of the protein has the potential to vary in solution, the copper-binding site is fixed and rigid upon copper coordination.
Discussion and Conclusions
Recent advancements in techniques for EPR analysis, together with the development of the MMM and ENM programs, enabled us to translate EPR data from Cu(I)-bound and unbound Atox1 into modelstructures. We succeeded in showing that apo-Atox1 is much more flexible than holo-Atox1 and can assume various conformational states. Using elastic network modeling, we suggested four different possible structures for apo-Atox1. These four conformations could be grouped into closed and open conformations. While the closed conformations are much more compact than the open ones in the helix regions of the protein, the b-sheets spread further apart in the closed conformations. These opposite movements are facilitated by the flexible loops that connect between the helices and the b-sheets, as prior studies have suggested. 27 We further observed that, upon coordinating Cu(I), the structure of Atox1 becomes much more rigid. We suggested two different conformations of the holo-form: a closed conformation and an open conformation. We also observed that in these two conformations of holo-Atox1, the Cu(I) binding site maintains a fixed configuration. NMR studies done on the Cu A cupredoxin, which is a metallochaperone involved in electron transfer reactions in Thermus thermophilus, have revealed that the metal-binding region (mainly the ligand loop) is distorted and less compact in the apo-protein than in the holo form. The authors concluded that the protein's structure is dynamic in that region. 65 Similar observations have been reported for Cu(I)-azurin, 66 which is a metallochaperone involved in electron-transfer reactions. These results support our observations. The DEER data complemented by the ENM suggest that the various conformations that Atox1 assumes facilitate the metallochaperone's interactions with different proteins in the copper cycle (i.e., Ctr1 and ATP7b), each of which has a different Cu(I) binding site. Moreover, the fact that the metallochaperone's Cu(I) binding site becomes rigid upon copper binding may help the protein to avoid releasing the ion to the cytoplasm before it arrives at its destination.
Combination of various biophysical tools and computations are essential in order to depict the conformational space of a protein. Previously Wright et al. 67 used high-performance liquid chromatography and X-ray scattering to show that the human metallochaperone CCS, which is responsible for transferring Cu(I) from Ctr1 to SOD, 68 can exhibit at least three conformational states, which are highly different from one another. The authors then noted that additional conformations can exist in solution, and that only by combining various experimental and computational methods is it possible to predict these conformations. This research highlights how the structure of Atox1 enables it to fulfill its dual role of Cu(I) coordination and transfer, and points to the importance of the flexibility of this structure in controlling the copper transfer mechanism properly. In addition, this research stresses the importance of monitoring the structural flexibility of a biological system in solution as a means of understanding the role of a given protein in a biological pathway or reaction.
Materials and Methods

Atox1 cloning, expression, purification, and labeling
The human Atox1 construct pYTB12-Atox1 was kindly given to us by the lab of Prof. Svetlana Lutsenko (Johns Hopkins University). This construct encodes for the fusion protein composed of Atox1, with an intein and a chitin-binding domain. It was transformed to the E. coli strain BL21 (DE3). The same procedure was used to generate the different mutations, using specific primers containing each desired mutation. The Atox1 construct was expressed in BL21 cells, grown to an optical density of 0.5-0.8 at 600 nm, and induced with 1.0 mM isopropyl-b-Dthiogalactopyranoside (Calbiochem) for 18 h at 188C. The cells were then harvested by centrifugation and suspended in lysis buffer (25 mM Na 2 HPO 4 , 150 mM NaCl, 20lM PMSF pH 7.5). The cells were sonicated by 5 cycles of 1 min each with a 1-min cooling tense between each cycle (65% amplitude). After sonication, cells were centrifuged, and the soluble fraction of the lysate was run through a chitin bead column (New England Biolabs), allowing the Atox1 fusion to bind to the resin via its chitin-binding domain. The resin was then washed with 30-column volumes of lysis buffer (pH 8.9). To induce the intein-mediated cleavage, the beads were incubated in 50 mM DTT, 25mM Na 2 HPO 4 , pH 8.9, 150 mM NaCl, for 40 h at room temperature. Atox1 was then collected in elution fractions and analyzed by SDS PAGE (Tricine 19%) and MALDI-TOF mass spectrometry (Bruker, Bremen, Germany) or by ESI (electron spray ionization) mass spectrometry on a Q-TOF (quadruple time of flight) low-resolution micromass spectrometer (MicromassWaters, Corp.). Before labeling, 10 mM DTT was added to 0.1-0.15 mM protein solution and mixed for 10 h at 48C. No cleavage of the disulfide bond was observed at these conditions. 38 DTT was dialyzed out using 3.5 kDa dialysis cassettes (Pierce) for 12 h. Then, 1.0 mg of S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSSL, TRC) dissolved in 15 lL dimethyl sulfoxide (DMSO, Bio lab) was added to 1 ml protein solution (1:40 protein:MTSSL molar ratio). The protein solution was then vortexed overnight at 48C. The free spin label was removed by several dialysis cycles (in 3.5 kDa cassettes) over 4 days. The mass of the spin-labeled protein was confirmed by mass spectrometry (was ensured to be above 95% purified spin-labeled protein), 38 and the concentration was determined by a Lowry assay. 69 
Addition of the metal ion
Cu(I) (Tetrakis (acetonitrile) copper (I) hexafluorophosphate (Aldrich)) was added to a protein solution under nitrogen gas to preserve anaerobic conditions. Cu(II) EPR signal was not observed at any time.
CD
Circular dichroism (CD) measurements were carried out using a Chirascan spectrometer (Applied Photophysics, UK). Measurements were carried out in a 1.0-cm Figure 5 . Ca-Ca distances for different residues in the PDB 3IWX structure and the various model DEER structures. The inset shows a scheme of the secondary structures of Atox1.
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optical path length cell. The data were recorded in the range of 190-260 nm with a step size and a bandwidth of 0.5 nm. The CD signal was averaged for 3 scans for each sample.
DEER
The constant time four-pulse DEER experiment p/ 2(m obs )-s 1 -p(m obs )-t'-p(m pump )-(s 1 1s 2 -t')-p(m obs )-s 2 (m obs )-s 2 -echo was carried out at (80 6 1.0K) on Q-band Elexsys E580 (equipped with a 2-mm probe head, bandwidth 5 220 MHz). A two-step phase cycle was employed on the first pulse. The echo was measured as a function of t', while s 2 was kept constant to eliminate relaxation effects. The observer pulse was set 60 MHz higher than the pump pulse. The observer p/2 and p pulses had a length of 40 ns, and the p pump pulse had a length of 40 ns as well; the dwell time was 20 ns. The observer frequency was 33.80 GHz. The power of the 40 ns p pulse was 20.0 mW. s 1 was set to 200 ns, and s 2 to 1200 ns. Each set of DEER data was collected for 48-96 hr. The spin concentration was about 0.05 mM. The samples were measured in 1.6-mm capillary quartz tubes (Wilmad). The data were analyzed using the DeerAnalysis 2016 program, using Tikhonov regularization. 70 The regularization parameter in the L curve was optimized by examining the fit of the time domain data (between 100 and 200). The homogeneous background contribution to the DEER signal was negligible. The MMM2015 version was used here for obtaining the distance distribution function associated with the crystal structure conformation and for the ENM.
